Telomeres maintain chromosomal stability and integrity and are crucial in carcinogenesis. Telomere length is implicated in multiple cancer risk, but the results are conflicting. Genome-wide association studies have identified several genetic loci associated with telomere length in Caucasians. However, the roles of telomere length and related variants on gastric cancer development are largely unknown. We conducted a case-control study including 1136 gastric cancer cases and 1012 controls to evaluate the associations between telomere length, eight telomere length-related variants identified in Caucasians and gastric cancer risk in Chinese population. We observed an obvious U-shaped association between telomere length and gastric cancer risk (P < 0.001), with odds ratios (95% confidence intervals) being 3.81 (2.82-5.13), 1.65 (1.21-2.26), 1.28 (0.93-1.77) and 1.78 (1.30-2.44) for individuals in the first (the shortest), second, third and fifth (the longest) quintile as compared with those in the fourth quintile as reference group. The weighted genetic score (WGS) of eight variants was significantly associated with telomere length (P < 0.001), and in particular, the G allele of rs2736100 in TERT at 5p15.33 exhibited a significant association with long telomeres (P = 0.047). However, we did not observe significant associations between these genetic variants and gastric cancer risk for both single-variant and WGS analyses. These findings suggest that either short or extreme long telomeres may be risk factor for gastric cancer. Genetic variants identified in Caucasians may also contribute to the variation of telomere length in Chinese but seems not to gastric cancer susceptibility.
Introduction
Telomeres, consisting of tandem repeats of TTAGGG nucleotides, cap the ends of eukaryotic chromosomes. Telomeres are crucial in maintaining chromosomal stability and integrity through prohibiting abnormal events, such as nuclease degradation, chromosome ends fusion and aberrant recombination (1) . During somatic cell divisions, telomeres progressively shorten because of the incomplete replication at 3′ end of chromosomes (2) . Therefore, telomere length decreases as human's age, which is accelerated by numerous factors, such as cigarette smoking (3), oxidative stress (4) and chronic inflammation (5) . Telomere shortening has been implicated in the development of multiple aging-related diseases including cancer (6) .
Over the past few years, an increasing number of epidemiologic studies have evaluated the cancer risk by measuring the telomere length in surrogate tissues, mainly in peripheral blood leukocytes. However, results from previous studies have been conflicting. Most of the studies reported short telomeres associated with increased risk in several cancers, including those in the head and neck (7, 8) , lung (7, (9) (10) (11) , renal cell (7, 12) , bladder (7, 13, 14) , ovarian (15) , breast (16) (17) (18) and colon or rectum (16) . Yet, several studies observed long telomeres in cancer patients, including those with melanoma (19) , breast cancer (20) (21) (22) , lung cancer (23, 24) , hepatocellular carcinoma (25) or non-Hodgkin lymphoma (26) . Moreover, short telomeres have been associated with increased risk of gastric cancer in retrospective case-control studies (27, 28) . However, a recent prospective study reported that short telomeres were not associated with cancer risk, including gastric cancer (29) . Nevertheless, the small sample size of cancer patients in these studies may have restricted the analysis of association between telomere length and gastric cancer risk.
Heritable factors may contribute up to 80% of the variation of telomere length (30) . Recent genome-wide association studies (GWAS) have identified genetic variants on chromosome 2p16.2 (ACYP2), 3q26 (TERC), 5p15.33 (TERT), 4q32.2 (NAF1), 10q24.33 (OBFC1), 19p12 (ZNF208) and 20q13.3 (RTEL1) that were associated with telomere length in populations of European descent (31) (32) (33) (34) . More interestingly, some of these telomere length-related loci were also associated with cancer risk (34) (35) (36) (37) ; for example, the minor allele (C) of rs2736100 at 5p15 (TERT) was associated with longer telomeres and an increased risk of lung cancer as well (35, 38) . However, these findings were mainly observed in European populations and were not well demonstrated in non-European populations.
Gastric cancer is more common in China than Western countries, with an estimation of 405 000 gastric cancer cases (42.5%) of the world newly diagnosed in China annually (39) . To date, the relationships between telomere length, telomere length-related genetic variants and gastric cancer risk are largely unknown. Herein, we designed a case-control study including 1136 gastric cancer cases and 1012 age-and sex-matched controls in a Chinese population to investigate the following three aspects: (i) the relationship between telomere length in peripheral blood leukocytes and gastric cancer risk; (ii) the contribution of genetic variants associated with telomere length in populations of European descent to the variation of telomere length in Chinese population and (iii) associations of telomere lengthrelated variants with gastric cancer susceptibility.
Materials and methods

Study participants
Patients with gastric cancer were recruited from hospitals in Jiangsu province of eastern China between 2004 and 2010. All of the cases were newly diagnosed and had no treatment prior to recruitment including radiotherapy or chemotherapy. As a result, a total of 1136 gastric cancer cases were included in this study. During the same period, we conducted a community-based screening program for non-infectious diseases in >30 000 individuals from Jiangsu province. A total of 1012 cancer-free controls were randomly selected from these participants and were frequency matched to cases based on age and sex. After signing informed consent, each subject was face-to-face interviewed with a standard questionnaire including information on demographic data and related risk factors, such as tobacco smoking and alcohol drinking. Each participant was required to donate ~5 ml venous blood sample after interview. Individuals who smoked at least once a day for >1 year were defined as smokers and those who drank twice or more per week for at least 1 year were considered as drinkers; otherwise, there were treated as non-smokers or non-drinkers. This study was approved by the institutional review board of Nanjing Medical University.
Measurement of relative telomere length
Telomere length was measured in genomic DNA extracted from leukocytes of peripheral blood according to a modified quantitative PCR protocol on an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) as described previously (40) . In brief, relative telomere length (RTL) were determined by the ratio of telomere repeat copy number (T) to single-copy gene copy number (S) and expressed as T:S ratio in individual samples relative to a reference of DNA pool from five healthy donors. The reference DNA was firstly used to generate a standard curve with concentrations ranging from 0.25 to 8 ng/µl, and linearity (r 2 > 0.99) over this range of input DNAs was observed. Samples with threshold cycle (Ct) numbers that fell outside the range defined by the standard curves were rerun at a different concentration to ensure that they were amplified within the linear range. The telomere quantitative PCR primers were TEL1 (5′-GGTTTTTGA[GGGTGA] 4 GGGT-3′) and TEL2 (5′-TCCCGA CTAT[CCCTAT] 4 CCCTA-3′). The single-copy gene (36B4) quantitative PCR primers were 36B4u (5′-CAGCAAGTGGGAAGGTGTAATCC-3′) and 36B4d (5′-CCCATTCTATCATCAACGGGTACAA-3′). Reference pooled DNA was then assayed in each 384-well plate to account for between-plate variation. Each well contained 10 µl SYBR® Green PCR Master Mix (Applied Biosystems) with a final DNA concentration of 5 ng/µl. All samples were run in duplicate and the mean of two measurements was used in the statistical analyses. In general, equal cases and controls were assayed on each 384-well plate, and technicians were blinded to the case-control status. RTL was calculated according to Cawthon's formula, 2 2
Ct Ct (40) . The inter-plate variation of the quality control samples for RTL measurement was 10.16% and the intra-plate variation was 8.69%.
Selection and genotyping of genetic variants
Telomere length-related variants were selected from published GWAS (31, 33, 34) according to the following items: (i) the reported association reaching genome-wide association significance level (i.e. P ≤ 5 × 10 −8 ); (ii) the variants having a minor allele frequency of at least 5% in Chinese population; (iii) only one variant was selected as multiple one were in linkage disequilibrium at r 2 > 0.5. Information of minor allele frequency and linkage disequilibrium were obtained from the 1000 Genomes Project CHB+JPT subjects (Phase I interim release). As a result, we included seven telomere length-related variants, including rs10936599 at 3q26.2 (TERC), rs11125529 at 2p16.2 (ACYP2), rs2736100 at 5p15.33 (TERT), rs4387287 (OBFC1) at 10q24.33, rs755017 at 20q13.33 (RTEL1), rs7675998 at 4q32.2(NAF1) and rs8105767 at 19p12 (ZNF208). In addition, the variant rs2736108 (r 2 for linkage disequilibrium with rs2736100 is 0.141 in Utah residents with northern and western European ancestry) at 5p15.33 (TERT) that was associated with telomere length and breast cancer risk in a GWAS (34) was also included in the current study, though the reported P value was 5.8 × 10 −7 for the association with telomere length. Finally, eight variants were selected to be genotyped in this study (Supplementary Table 1 , available at Carcinogenesis Online). Genotyping was performed using the TaqMan allelic discrimination assay on the ABI PRISM 7900HT Sequence Detection System. Detailed information for the primers and probes are shown in Supplementary 
Calculation of genetic scores
To evaluate the integrated effect of the eight telomere length-related genetic variants, we calculated the weighted genetic score (WGS) on the basis of the genotypes of these variants. For each subject, WGS was calculated by counting the number of alleles that associated with long telomeres and weighted by the telomere length associated beta (β j ), which was derived from the regression analysis of telomere length and genotype in the current study. We transform the longer telomere length-related allele into higher genetic score for each single-nucleotide polymorphism. In summary, WGS was calculated using the following formula:
In this formula, x ij is the number of long-telomere length-related alleles for the jth variant in the ith subject (x ij = 0, 1 or 2) and β j is the weight for the jth variant.
Statistical analysis
Pearson χ 2 test was used to compare the differences between cases and controls for categorical variables (sex, age, smoking and drinking status). Rank-sum test was employed to examine the differences of RTL between subgroups divided by sex, age groups, smoking and drinking status. Generalized linear models were used to conduct tests for correlation between RTL and age, genotype of genetic variants and WGS. To examine the association between RTL or WGS and gastric cancer risk, we categorized RTL or WGS into five groups based on its quintile distribution in controls. Unconditional logistic regression was used to estimate the odds ratio (OR) and 95% confidence interval (CI) for gastric cancer risk in each genetic variants, RTL or WGS quintile, with an adjustment for age, sex, smoking and drinking status. A restricted cubic spline curve was plotted in the logistic regression model to evaluate the shape of the associations between RTL or WGS and gastric cancer risk. Wald test was used for non-linearity estimation. The restricted cubic spline curve was plotted by using the 'RCS_Reg Version 1.0' macro in SAS version 9.1.3 (SAS Institute) (41) . General analyses were performed with Stata version 9.2 (StataCorp LP).
Results
As shown in Table 1 , a total of 1136 gastric cancer cases and 1012 cancer-free controls were included in this study. The age and sex were adequately matched between cases and controls (P > 0.05). The proportion of drinkers in gastric cancer cases (44.5%) was higher as compared with those in controls (37.6%) (P < 0.05), whereas similar distributions of smokers were observed between groups (P > 0.05). As expected, peripheral blood leukocyte RTL was inversely correlated with age at recruitment in both cases and controls (P < 0.001, Supplementary Figure 1 , available at Carcinogenesis Online). Women showed significantly longer telomeres than men among controls (P = 4.64 × 10 −4
), but no apparent differences were indicated between subgroups divided by smoking or drinking status (P > 0.05, Table 1 ).
The gastric cancer cases had overall shorter RTL (median: 1.28) than controls (median: 1.49, P = 5.15 × 10 −16 ), which was consistent in subgroups divided by age, sex, smoking and drinking status (Table 1) . When further evaluating the details of association between RTL and gastric cancer risk through restricted cubic spine function in the logistic regression model, we observed an obvious U-shaped association for gastric cancer risk (P < 0.001 for non-linearity test, Figure 1 ). To further address the relationship between RTL and gastric cancer, we categorized subjects into five groups based on quintile distribution of RTL in controls ( Table 2) . As compared with the lowest risk subjects in the fourth quintile, a significant dose-response effect was observed between increased risk of gastric cancer and decreasing telomeres of the third, second and first quintiles, with ORs (95% CIs) ranging from 1.28 (0.93-1.77), 1.65 (1.21-2.26) to 3.81 (2.82-5.13). More interestingly, a significant elevated risk was also clearly shown for the fifth quintile (the longest RTL) (OR = 1.78, 95% CI: 1.30-2.44) when compared with the fourth quintile ( Table 2) . These results collectively suggest that either short or extreme long telomeres are associated with an increased risk of gastric cancer.
We evaluated the correlation between genetic variants and telomere length among 1012 controls based on both the genotypes of single variant and the WGS of all eight variants. In the single-variant analysis, we found that rs2736100 on chromosome 5p15.33 (TERT) exhibited a nominally significant association with RTL after adjusted for age and sex (P = 0.047) (Table 3) , which was in the same association direction with that reported in Caucasians. The results revealed that each additional copy of the effect allele (T) of rs2736100 was associated with a 74.7-bpdecreased telomere length. No significant associations were observed between other genetic variants and RTL in controls. In view of the modest effect of individual variant and moderate sample size of the controls, we calculated WGS to analyse the cumulative effect of the eight variants on telomere length. In the WGS analysis, we did observe significant correlation between WGS and RTL in controls (r 2 = 0.015, P < 0.001, Figure 2 ), which was more solid than any of the variants alone.
We next assessed whether these reported telomere lengthrelated variants may contribute to gastric cancer susceptibility. As a result, we did not detect any significant association between the eight variants and gastric cancer risk (Table 4) . After combining the eight variants together, we found similar WGS between gastric cancer cases (median: 0.240) and controls (median: 0.239; P = 0.725). Logistic regression analysis based on restricted cubic spine function (Supplementary Figure 2, available at Carcinogenesis Online) or quintile groups (Supplementary  Table 3 , available at Carcinogenesis Online) did not reveal any obvious association between WGS and gastric cancer risk. These results suggest that the known telomere length-related variants may have no substantial contribution to gastric cancer susceptibility.
Discussion
In this study, we designed a large case-control study in a Chinese population and evaluated the relationship between telomere length, telomere length-related genetic variants and gastric cancer risk. To our knowledge, our results firstly showed that either short or extreme long telomeres were associated with an increased risk of gastric cancer risk, providing novel epidemiological evidence for the effect of telomeres on the development of gastric cancer. We confirmed that genetic variants that were associated telomere length in Caucasians were also implicated with telomere length in Chinese population. However, our data did not support an important role of these variants in modifying individual susceptibility to gastric cancer.
Two case-control studies have evaluated the relationship between telomere length and gastric cancer risk. Liu et al. (27) conducted a study in 396 gastric cancer cases and 378 controls of Han Chinese and reported a significant association between short telomeres and increased gastric cancer risk (OR = 2.14, 95% CI: 1.52-2.93). In the other study with 300 gastric cancer cases and 416 controls in Poland, Hou et al. (28) found that subjects in the shortest quartile of telomere length had a 2.04-fold (95% CI: 1.33-3.13) risk of gastric cancer as compared with those in the longest quartile. Consistent with these results, we also observed that gastric cancer cases had overall shorter telomeres than controls. Most importantly, we, for the first time, observed the U-shaped association between telomere length and gastric cancer risk, which suggest that both short and extreme long telomeres may contribute to the development of gastric cancer. Our findings were also supported by the study of Hou et al. (28) , in which the lowest risk of gastric cancer was in the third quartile. Moreover, this interesting association pattern was also indicated in other cancers, including pancreatic cancer (42), breast cancer (43) and glioma (44) . Thus, we reason that previous inconsistent associations between telomere length and cancer risk may partially attribute to this complex association pattern. Nevertheless, large, well-designed studies, especially prospective ones, are warranted to confirm our findings in diverse populations or other cancers.
The U-shaped relationship between telomere length and gastric cancer risk was unexpected but biologically plausible. Emerging evidence supported that telomeres may act as a double-edged sword in the development of cancer. In general, telomere shortening can lead to chromosomal instability and finally initiate the process of carcinogenesis (7) . In contrast, long telomeres may allow for more cell divisions and increase the chance of acquiring abnormalities and thus promote cancer development (45) . This dual role was also supported by genetic association studies that alleles associated with both short and Derived from logistic regression with an adjustment for age at blood collection, sex, smoking and drinking status. long telomere lengths were associated with increased risk of cancers (31, 32) . Our findings in combination with these evidences may indicate the importance of the balance between telomere shortening and elongation to produce an optimal length for cell proliferation and senescence. In the single-variant association analysis between genetic variants and telomere length among 1012 controls, we only confirmed that rs2736100 related to telomere length in Caucasians was also associated with telomere length in Chinese population. Among the other seven variants, five were non-significantly associated with telomere length in our population in the same association direction as those observed in populations of European descent. These results suggest that our sample size may not be large enough to detect these associations because of the modest effect of individual variant on telomere length. This assumption was well supported by WGS analysis as we weighted the effect of eight variants into an indicator, which was strongly associated with telomere length. Of course, an alternative explanation is that genetic variants that contribute to the variation of telomere length in Chinese population remain to be discovered. This issue can be addressed by further GWAS of telomere length in Chinese population with large sample size.
Telomere length involves in the cancer risk, and thus, genetic variants determining telomere length are supposed to affect cancer risk as well. Several line evidences have supported this hypothesis. For example, the short telomere allele A of rs2736098 was associated with increased risk of basal cell carcinoma and cancers of the lung, bladder and prostate (46); similar association was also frequently reported between telomere length-related variant rs2736100 and lung cancer (35, 36) . However, our study did not find any significant association between those eight telomere length-related variants and gastric cancer risk. Considering that these known genetic variants explain only a small fraction of telomere length variation, it is reasonable that these variants may have weak contribution to the cancer susceptibility.
One of the strengths in this study is that we systematically investigated the contribution of telomere length and its known genetic loci to both gastric cancer risk simultaneously and revealed the importance of telomere length but not its genetic variants in the development of these two cancers. For another, the large sample size in this study made it possible to carefully analyse the telomere length and to detect a U-shaped association with gastric cancer risk. Thirdly, we included newly diagnosed patients without any treatment before recruitment and matched cases to controls on age and sex. We measured the telomere length using consistent protocols by the same technicians under strict quality controls. These stringent procedures may have protected our results from potential selection/information bias. However, because the DNA was not obtained before cancer onset, the inherent weakness in this retrospective case-control design is that we could not confirm the altered telomere length in the cases is the cause or the result of the gastric cancer. Further studies based on prospective design and enough sample size may facilitate to confirm our findings.
In summary, this is the first study demonstrating that subjects with either short or extreme long telomeres may have an increased risk of gastric cancer in Chinese population. Our results indicate that genetic variants associated with telomere length in Caucasians may also substantially contribute to the telomere length variation in Chinese. However, these variants may be not important in the development of gastric cancer. This study provided valuable clues for better understanding the Derived from generalized linear models with an adjustment for age at blood collection and sex.
e Estimates of the per-allele effect on average age-related telomere attrition in years based on correlation between RTL and age in controls.
f Estimates of the per-allele effect on RTL in base pairs calculated from the equivalent age-related attrition (30 bp per year) in T:S ratio. underlying contribution of telomeres and genetic variants to gastric carcinogenesis.
